To describe the fine structure of the fovea in subjects with a history of mild retinopathy of prematurity (ROP) using adaptive optics-Fourier domain optical coherence tomography (AO-FDOCT).
T he fovea, which mediates the excellent visual acuity enjoyed by healthy adults, is characterized by an absence of retinal vasculature, a high density of elongated cone inner and outer segments, and a pit without overlying ganglion cell or inner nuclear layers. The fovea is the last retinal region to reach maturity. 1 During the development of the central retina, the fovea forms in a rod-free zone that decreases in diameter as the cone inner segments become more slender, outer segments elongate, and the cones pack tightly together. 2, 3 A ring of parafoveal vasculature defines a central avascular zone (AZ) and the developing foveal dimple. 4, 5 The protracted course of central retinal and foveal development continues after birth into early childhood as neural and vascular elements take their proper places. 6, 7 Knowledge of development of the normal central retina and foveal structure has depended heavily on anatomic studies of the simian retina 6, 8, 9 with fewer observations on the human fovea. 2, 3 Retinopathy of prematurity (ROP) is known to alter development of the central retina and, even if mild, may be associated with deficits in acuity and visual sensitivity. 10 -12 However, foveal fine structure in ROP has yet to be studied. So far, imaging the living macula in human subjects with a history of ROP has yielded only coarse information about foveal structure. 13 The advent of high-speed, high-resolution retinal imaging enables investigation of the central retina in the living human eye with nearly the same fidelity as traditional histology. New technologies include optical coherence tomography (OCT), in which optical cross-sections with high axial resolution are generated 14 ; Fourier domain OCT, a high-speed, multiplexed version of OCT 15, 16 ; and adaptive optics (AO), which overcomes a fundamental limitation on lateral resolution imposed by ocular aberrations. [17] [18] [19] In combination, these technologies provide the ability to visualize microstructures in the living eye. 20, 21 We used adaptive optics-Fourier domain optical coherence tomography (AO-FDOCT) to investigate the fine structure of the central retina in subjects with ROP.
METHODS

Subjects
Five ROP and five healthy control subjects participated (Table 1 ). All ROP subjects have been observed at Children's Hospital Boston since infancy and participated in a study of multifocal electroretinography (mfERG) responses.
11 Birth was at 24 to 28 weeks' gestation, and birth weight was 600 to 1077 g. Term is at 40 weeks' gestation. All had a documented history of mild ROP that resolved spontaneously, leaving no visible residua on ophthalmoscopy except for the right eye of subject 7, which had a dragged macula. All others were judged to have a normal macula with a foveal dimple identifiable on ophthalmoscopy. The right eye of ROP subject 8 had refractive amblyopia. Although all but one (ROP subject 6) had become myopic by the time of this imaging study, only the eye with the dragged macula had a spherical equivalent outside the 99% prediction interval for normal 22 The publication costs of this article were defrayed in part by page charge payment. This article must therefore be marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact.early childhood. All control subjects were myopic and had excellent corrected letter acuity (Table 1) . For the imaging study, all subjects had pupils dilated with ophthalmic phenylephrine 2.5% (Mydfrin; Alcon Laboratories, Inc., Fort Worth, TX) and cyclopentolate (Cyclogyl 1%; Alcon Laboratories, Inc.). Written informed consent was obtained from all subjects 18 years of age or older and from the parents of those younger. The study conformed to the Declaration of Helsinki and was approved by the Children's Hospital Committee on Clinical Investigation.
The AO-FDOCT Instrument
The AO-FDOCT system ( Fig. 1 ) has been described more completely elsewhere. 21 The system combines AO, FDOCT, and a wide-field confocal line-scanning laser ophthalmoscope (LSLO) into a compact platform. The AO component uses a Hartmann-Shack wavefront sensor (HS-WS) and a deformable mirror (DM; Boston Micromachines Inc., Watertown, MA) with 141 actuators and ϳ4-m stroke. The OCT source is a superluminescent diode (SLD; Superlum Diodes Ltd., Moscow, Russia) with 60-nm bandwidth that achieves a theoretical axial resolution of 4 m. The FDOCT spectrometer uses a transmission grating (1200 lp/mm, 830-m c ) and a 10-m, 2048-pixel linear array detector (Atmel Inc., San Jose, CA). The LSLO images provide an en face retinal view that facilitates alignment of the OCT scan. Customdesigned objectives are used in the AO relay, spectrometer optics, and LSLO. 21, 23, 24 An integrated 8 ϫ 8 LED array controlled from the serial port provides a fixation target. Two computer-controlled motors adjust OCT and DM stages for range gate alignment and focus.
Procedure
The sequence of OCT scans used is summarized in Table 2 . A line scan is a single cross-sectional scan through the fovea in the x or y dimension. A raster scan is swept through both x and y dimensions to build three dimensional (3-D) retinal maps. A radial scan is multiple lines that are rotated through 180°. Larger line (1455 m) and raster (1455 ϫ 1455 m) scans were used, sometimes without adaptive optics, to image the entire fovea. Smaller line (873 m), raster (873 ϫ 873 m), and radial (873 ϫ 873 m) scans were used with adaptive optics to map the ultrastructure of the fovea, including the retinal vasculature. The radial scans were used to confirm the raster results and augment the data when the raster scans were corrupted by motion. Two or three scans of each type were acquired. A bite bar mounted on a three-axis stage was used to assist in alignment of the subject and to control head motion. Trial lenses dropped into the optical path at a pupil conjugate in front of the DM removed most low-order defocus and astigmatism and preserved DM stroke for high-order ocular aberrations. After the subject's pupil was aligned in the instrument, any residual defocus was removed with the front focus adjustment, which controlled the front lens relay, although observing both the OCT signal intensity and the sharpness of the HS-WS spots. The OCT range gate was then adjusted to the length of the subject's eye, whereupon a retinal image appeared in the software display. Once the pupil was aligned and the OCT focus optimized, AO was initiated, and the FDOCT scan acquired. The imaging session was limited to approximately 1 hour, to minimize subject fatigue.
Because the system was not equipped with retinal tracking, eye motion limited image quality, especially for raster scans of ROP subjects. High-quality, high-density scans of the fovea (256 ϫ 256-pixel raster acquired in 4.3 seconds) are difficult to obtain because the subject tends to fixate on and follow the line as it passes over the fovea. This voluntary drift does not occur for radial scans in which the center of rotation creates a fixation point. Radial scans are composed of evenly spaced line scans that produce nonuniform 3-D mapping. We developed custom software to interpolate the maps generated by the radial scans.
Measurements and Analyses
The characteristics of the fovea in ROP and control subjects were compared. On cross-sectional line scans through the fovea, the thickness of retinal layers was measured at selected eccentricities along the horizontal meridian. Foveal pit depth and volume were measured on 3-D maps generated from the raster and radial scans. The retinal vasculature was assessed at the level of the inner and outer plexiform layers.
Processing of Images. During acquisition, raw, unprocessed
12-bit gray-scale pixel values from the linear detector of the FDOCT spectrometer were saved to binary files. This spectrum was converted into an OCT image with processing steps including background subtraction, high-pass filtering, interpolation, and dispersion compensation. 21 The image scans were then flattened to the retinal pigment epithelial (RPE) layer and aligned to a single-depth plane, in preparation for composite (coaddition) or en face presentation. In addition to standard image processing and input-output routines, such as saving frames and videos, the software contains extensive routines for analysis of multiple 2-D cross-sectional and 3-D volumetric retinal maps.
Thickness of Retinal Layers. The thickness of retinal layers was measured manually on the axial profiles of line scans through the fovea (Fig. 2) . The fovea was located by indicators including foveal reflex, increased brightness, and continuity of the external limiting membrane (ELM), increased outer segment layer thickness (i.e., increased distance between connecting cilium [CC] and RPE layers), increased thickness of the outer nuclear layer [ONL] , and in the control FIGURE 2. Retinal layer thickness analysis (ROP subject 6). (a) Profiles were averaged from 20 adjacent A-scans at seven retinal eccentricities (denoted by boxes). ILM, inner limiting membrane (vitreal-retinal interface); NFL, nerve fiber layer; GCL, ganglion cell layer; IPL, inner plexiform layer; INL, inner nuclear layer; OPL, outer plexiform layer; ONL, outer nuclear layer; ELM, external limiting membrane; CC, connecting cilium; RPE, retinal pigment epithelium; C, choroid; IS, inner segment layer; OS, outer segment layer; t, temporal; n, nasal. Foveal Pit Depth and Volume. 3-D representations of the fovea were created from the raster and radial scans. The cross-sectional area of the pit for successive axial slices was used to calculate pit depth and volume. On a decent raster scan, free of significant corruption by eye and head motion, the pit area can be readily identified by the "hole" in each en face slice above the foveal reflex (Fig. 3a) , whereas the hole is not seen if there is significant transverse motion (Fig. 3c) . Although the data could be corrected for some of the transverse motion, it is impossible to compensate for the out-of-plane motion. Custom software was written for automatic identification of edges of the hole for pit volume measurement. First the en face image was inverted and then thresholded. The individual particles in the thresholded image were processed with morphologic operators, open then closed, and then particle filter and hole-filling routines were used to remove small particles and holes. The convex hull of the largest particle was found and an edge-detection routine applied to the resultant image. The edge was added to the image overlay, and particle statistics including area and center of mass were calculated. The pit area was calculated by two methods. The first simply summed the pixels in the particle. The second used the average of the length (superior-inferior) and width (nasal-temporal) of the box that bounds the particle. The latter method assumes a circular area (accounting for any asymmetry), which appears a reasonable approximation (Fig. 3a) . Information about pit volume was also extracted from radial scans displayed in a manner similar to en face raster scans (Fig. 4) . Figure 5 shows the pit volume results for control subject 3. In general, the pit depth and volume measurements from both eyes of the same subject were similar. Control subject 3 had the largest right-left difference, with the exception of ROP subject 7 who had a dragged macula in the right eye ( Table 1 ). The average difference between the two methods of pit area measurement for the rasters shown in Figure 5 was 5.4%. A slight asymmetry (pit width/pit height Ϸ 1.1) was found in both control and ROP subjects, but this is accounted for in both measurement methods. Figure 6 shows composite images of one eye of all subjects. The foveal pit is present although quite shallow in the ROP subjects. Vessels were identified overlying the fovea in all ROP subjects except subject 9. In the control subjects, the inner retinal layers (NFL, GCL, inner plexiform layer [IPL], inner nuclear layer [INL] , and OPL) at 500 to 750 m eccentricity were identifiable. With decreasing eccentricity, these inner layers tapered and were absent in the central 100 to 200 m of the fovea. In contrast, all inner retinal layers were present and contiguous across the central fovea in the ROP subjects, except subject 9. In both control and ROP subjects, the ONL thickness increased in the fovea. The thickness of photoreceptor inner (ELM-CC) and outer (CC-RPE) segment layers was similar in ROP and control subjects.
RESULTS
Retinal layer thickness is quantified in Figure 7 . The measurements include all except subject 7, whose right eye, which had high myopia and a dragged macula, and subject 9, whose left eye was not imaged. Although individual retinal layers of the right eye of subject 7 could not be resolved, we estimated the full retinal thickness from cross-sectional scans to be ϳ522 m, which exceeded that in any other subject with ROP.
The full retinal thickness was greater in subjects with ROP than in control subjects at all eccentricities (Fig. 7a) . The difference was greatest in the fovea where the full retinal thickness was 47% higher in subjects with ROP (279.0 m vs. 190.2 m) and the difference decreased to 17% at 437 m eccentricity (302.0 m vs. 257.6 m; average of Ϫ437 and ϩ437 m). In the subjects with ROP, the total retinal thickness did not vary significantly with eccentricity (P ϭ 0.65), further indicating a shallow pit. The inner retinal layers were also significantly thicker in the subjects with ROP (Fig. 7b) , and the difference varied little with eccentricity. The difference between ROP and control for the total thickness (Fig. 7a) and inner retinal thickness (Fig. 7b ) was significant (P Ͻ 10 Ϫ8 ). The thickness of the inner retinal layers in subjects with ROP is slightly greater nasally than temporally (P ϭ 0.013 at 437 m). The difference in ONL thickness (Fig. 7c) between ROP and control subjects was greatest at the fovea (31.5 m, P Ͻ 0.00005) and negligible for eccentricities Ն250 m. There was very little difference (Ͻ4 m, P ϭ 0.184) found in the photoreceptor layer thickness between ROP and control subjects (Fig. 7d) . For the control subjects, the photoreceptor layer increased from 62 m at 437 m eccentricity to 75 m in the fovea.
The pit depth for ROP and control subjects is shown in Table 3 . The foveal pit depth was measured from the 3-D maps and cross-sectional images and defined as the distance from the bright reflex at the base of the pit to the arbitrarily chosen point where the pit reaches a radius of 728 m. The pit depth is smaller by more than a factor of two in ROP subjects.
The results of the pit volume measurement are shown in Figure 8 . Pit area as a function of depth extracted from raster and lines scans of five control (10 eyes) and five ROP (8 eyes) subjects is plotted. If volumetric raster scans were corrupted by eye movements (Fig. 3c) , line scans were used and radially isotropic pits were assumed. The second-order polynomial fit and equation are also shown on the graph. The foveal pit in ROP subjects was wider and shallower than that in the control subjects, except for ROP subject 9.
En face images (Fig. 9 ) compare the vasculature in two distinct layers (IPL and OPL) from an ROP and a control subject. In the ROP subject, vessels overlay the entire foveal region (Figs. 9e, 9g) . The capillaries that surrounded the AZ were not clearly resolved in the control subject, although a vessel within 250 m of the fovea center that may be part of the ring is indicated by an arrow in Figure 9a . The average diameter of 10 vessels in the OPL for the subject with ROP and the control subject is compared in Figure 10 . The average FWHM diameter of the capillaries was 35% lower in the subject with ROP.
DISCUSSION
In seven of eight ROP eyes analyzed, the foveal pit was broad and shallow, with inner retinal layers of neural cells extending across the fovea (Table 3; Figs. 6, 8) . Normally, a foveal pit without overlying layers of neural cells is produced by centrifugal movement of the neural cells during development. [1] [2] [3] [4] [5] 25 In the ROP subjects, retinal capillaries extended across the fovea (Figs. 9, 10) , which is normally an AZ, and became intertwined with the neural cells that overlay the fovea (Fig. 6 ). In these ROP eyes, there was no history of adverse events beyond the mild ROP that resolved spontaneously by term. Thus, ROP, which was an active disease at preterm ages when the fovea is quite immature, probably accounts for the neurovascular abnormality that is documented by these OCT data. Myopia alone, which was frequent among the subjects with ROP, is not a suspected cause, because neurovascular abnormalities were not observed in the control subjects, all of whom were myopic. One ROP eye (subject 9, right eye) had exceptional FIGURE 5. Pit volume data for control subject 3 comparing raster and radial scans, raster area calculation methods, and left and right eyes. Squares: left eye data; diamonds: right eye data. Filled symbols: calculation method that uses the particle-bounding box; open symbols: the method that counts the pixel area of the particle. Also shown is a second order polynomial fit (with intercept set to 0) through the raster data for each eye and each method. The highest order polynomial fit coefficients for the two methods were within ϳ4%, indicating the degree to which the circular assumption is valid. The radial data are collected over a smaller scan region (873 m vs. 1455 m). The raster algorithm tends to underestimate the area near the base of the pit by incorrect delineation of pit margins near the foveal reflex. results including foveal cross-sections and pit dimensions that were indistinguishable from those in the control subjects. Acuity, clinical appearance of the macula, ROP history, and multifocal ERG topography 11 in subject 9 and the other ROP eyes were similar. ROP may not universally produce the neurovascular abnormality seen in the seven other ROP eyes.
The neurovascular abnormality in the central retina may have slightly degraded the best corrected acuity in some of the subjects with ROP (Table 1) by causing mild optical aberration or metabolic effects on neural cells that are sensitive to contrast. Loss of foveal cones, or increased conecone spacing could also degrade acuity. The OCT data offer no evidence of loss of cones in the central retina of the subjects with ROP. The ROP photoreceptors had inner and outer segment lengths identical with those in the control subjects and slightly greater thickness of the layer of photoreceptor nuclei, the ONL (Fig. 7) . Thus, even in the absence of a well-formed foveal pit, there was no apparent paucity of foveal cones, even though formation of the pit and packing of the foveal cones are companion events in normal foveal development. 1-3,26 -28 In accord with these new OCT observations were other lines of evidence for long-lasting effects of mild ROP on the neurovascular characteristics of the macula, even if the active disease did not directly affect the macula. Fluorescein angiography showed that the foveal AZ is small or absent in children with a history of ROP. 29 Central retinal ERG responses to multifocal stimulation are significantly attenuated in ROP subjects 11 ; the bipolar cells are the main contributors to the mfERG responses. The topography of the ROP mfERG responses suggest higher bipolar cell density of the centralmost retina, perhaps due to impaired centrifugal movement of the inner retinal neurons during development of the ROP fovea. The OCT results support this idea of impaired centrifugal movement of the bipolar cells and also the cone nuclei, as the ONL was slightly thickened in the ROP retina (Fig. 7c) . In addition, OCT evidence of capillary encroachment leads us to suspect that altered neurovascular interactions attenuate ERG responses of the inner retinal neurons. Neurovascular interactions are involved in foveal pit formation and cone-cone packing. Anatomic studies 1-4 document formation of a parafoveal AZ by midgestation, a period that coincides with the birth of subjects with ROP. Later in gestation, widening of the pit, elongation of cone inner and outer segments, and closer cone-cone packing occurs and continues after birth and into early childhood. A mechanical model of pit formation and expansion 26 -28 proposes that the AZ generates a gradient of elasticity that is acted on first by intraocular pressure and then by shearing forces exerted by the expanding peripheral retina in the growing eye. As the pit forms, centripetal forces pack the developing cones with elongating inner and outer segments closer and closer together. In formation of the ROP fovea, the centrifugal forces that lead to pit widening may not be intimately linked to the centripetal forces that lead to cone packing. This said, we acknowledge that we cannot specify the cone packing in ROP subjects, because we have yet to use adaptive optics to study the ROP cone mosaic. Furthermore, growth factors, including VEGF, neuropilin, and semaphorin, cooperatively guide normal development of both retinal neurons and vasculature 31 and are suspected of a role in abnormal neurovascular development in ROP. 32 The mechanical and trophic models are not necessarily mutually exclusive. Because the preterm formation of the foveal pit is mediated by the elasticity of the parafoveal vasculature that is altered in ROP, it is unlikely that the abnormal neurovascular features of the ROP fovea are a healing reaction in response to acute ROP.
The AO-FDOCT data documented foveal abnormalities in subjects in whom mild ROP had resolved spontaneously, many years before the imaging session. The images had nearly the same resolution of the retinal layers as those achieved by light microscopy, and had the great advantage of showing the neurovascular relationships in the living human eye. Technical advances, including adaptive optics and noninvasive retinal tracking strategies, 23 offer realistic hope of adding new knowledge, not only about pediatric retinal diseases, but also about FIGURE 8. Pit area as a function of depth measured from the base of the pit for ROP (8 eyes) and control subjects (10 eyes). Equation for second-order polynomial fit (with intercept set to 0) and correlation coefficient is shown for each data set. Fit for ROP subjects does not include subject 9. 
